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Abstract: Nylon 66 nanocomposites were prepared by melt compounding of nylon 66 with 
organically modified montmorillonite (MMT). The organic MMT was pre-modified with 
about 14 wt% of ammonium surfactant, much lower than 35-46 wt% in most commercial 
organic MMT powders. Transmission electron microscope observation indicated that the 
MMT layers were well exfoliated in nylon 66 matrix. Dynamic mechanical analysis 
confirmed the constraint effect of exfoliated MMT layers on nylon 66 chains, which benefited 
the increased storage modulus, increased glass transition temperature and reduced magnitude 
of alpha relaxation peak. The effects of organic MMT loading levels on reinforcement and 
fracture behaviour of the nanocomposites were evaluated using tensile and three-point 
bending tests. The addition of the organic MMT clearly increased Young’s modulus and 
tensile strength but decreased ductility and fracture toughness of nylon 66.   
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INTRODUCTION 
Polymer/montmorillonite (MMT) nanocomposites have created much interest since Toyota’s 
group developed nylon 6/MMT nanocomposites via in situ polymerization in 1987, in which 
MMT layers were fully exfoliated to 1 nm thick individual layers with other dimensions in 
100-1000 nm range and dispersed in nylon 6 matrix [1-3]. This interest stems from the fact 
that, once the MMT layers in a polymer matrix was fully exfoliated, only a few percent of 
MMT resulted in a broad range of property improvements, e.g. increased stiffness and 
strength, improved solvent resistance, enhanced gas barrier properties [4]. To-date, the use of 
MMT as a dispersed phase to prepare nanocomposites has been extended to various polymers 
such as epoxies [5-7], polypropylene [8-11], polystyrene [12-14], polyimide [15-17], 
polyethylene terephthalate [18], polyurethanes [19], polycarbonate [20], and nylon 12 [21-
22].   
Generally, the MMT layers are not easily exfoliated in most polymers due to strong 
electro-static forces between them and chemical incompatibility of the MMT surface with 
polymers. Long chain alkyl ammonium surfactants were usually employed to pre-modify the 
MMT interlayer galleries through cation-exchange reactions so as to weaken the interaction 
between adjacent layers and to enhance the compatibility/wettability of MMT layer with the 
polymer matrix. Based on the cation-exchange capacity of MMT, the content of the alkyl 
ammonium surfactant in organic MMT was usually about 35 - 46 wt% [23-28]. Typically, 
even with 5 wt% of the organic MMT, the surfactant would constitute a mass fraction of 
about 2-3 wt% of the nanocomposite. The presence of so large proportion of the low 
molecular weight surfactant, which usually has no strong interaction with the polymer matrix 
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in most cases, may greatly affect the reinforcing efficiency of the MMT layers and thermal 
stability of the final product even if all the MMT layers are fully exfoliated.  
We developed an organic MMT (O-MMT) with much lower organic surfactant 
content, approximately 14 wt%. In a previous report [29], the dispersion and spatial 
distribution of the MMT layers in an injection-moulded rectangular bar of nylon 66/organic 
MMT nanocomposite were characterized by X-ray diffraction. Most MMT layers were 
orientated along the injection moulding direction. MMT layers near the four surfaces of the 
rectangular bar were predominantly parallel to their corresponding surfaces. Whereas, the 
MMT layers in the bulk distributed randomly, but they were still parallel to the injection 
moulding direction. The influence of the MMT layers on crystallization behaviour of nylon 66 
was reported in another report [30]. The presence of MMT layers increased the crystallization 
temperature of nylon 66 because of the heterogeneous nucleation of MMT. The crystallite 
sizes L100 and L010 of nylon 66, determined by WAXD, decreased with increasing MMT 
content. Obvious decreases in dimension of spherulites of nylon 66 due to the addition of the 
MMT layers were directly confirmed by polarizing optical microscopy. The purpose of the 
present work is to investigate the influence of the organic MMT on reinforcement and fracture 
toughness of nylon 66.  
EXPERIMENTAL  
 
Materials and melt compounding  
Nylon 66 pellets were supplied by Liaoyang Petrochemical Fiber Co. (China) with number 
average molecular weight of 1.67 × 104. The pristine sodium MMT with cation exchange 
capacity of 85 mequiv/100 g was from Zhangjiakou Clay Mineral Corporation (China). The 
MMT was firstly modified with chlorosilane derivative in organic solvent in order to modify 
the MMT surface and decrease its cation exchange capacity, and then modified with organic 
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ammonium by cation exchange reaction. The detailed process for MMT modification was 
reported elsewhere [29].  
Prior to blending, the organic MMT and nylon 66 were dried for 6 h under vacuum 
condition at 80 and 100oC, respectively. The nylon66/organic MMT compounds were 
prepared using a twin-screw extruder (SHJ-30) with a 30-mm diameter and an L/D ratio of 
23.2. The screw speed and the barrel temperatures of the extruder were 250 rpm and 260-
280oC, respectively. The extrudates were pelletized at the die exit, dried and then injection 
moulded into rectangular bars (127 mm length, 12.7 mm width, and 12.7 mm thickness) in an 
injection moulding machine (SZ-160/80) for morphological and mechanical characterizations.  
Transmission electron microscope observation  
The specimen of nylon66/MMT nanocomposites for TEM observation was taken from a 
cross-section perpendicular to the flow direction of an extrudate rod. Ultra-thin sections 
ranging from 50-80 nm in thickness were cryogenically cut with a diamond knife under liquid 
nitrogen environment using a Reichert-Jung Ultracut E microtome. Sections were collected on 
300 mesh copper TEM grids and subsequently dried with filter paper. The sections were 
examined by a Hitachi-800 TEM at an accelerating voltage of 22 kV.  
Mechanical characterization 
The tensile tests were carried out on the dumbbell-shaped specimens with an Instron 5567 
computerized testing machine in accordance with the ASTM standard D638-99. The yield 
strength, Young’s modulus, and elongation at break were measured at a crosshead speed of 50 
mm/min. Three-point blend specimens were used to measure the fracture toughness. The 
critical stress field intensity factor (KIC) was calculated from the failure load according to 
ASTM standard D5045-99. The detailed dimension of the three-point bend specimen was 
described in the references [31-32]. The fracture surfaces of the three-point bend specimen 
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were observed using a scanning electron microscope (SEM). Dynamic mechanical properties 
were measured on a TA instruments Dynamic Mechanical Analyzer system (DMA-2980) 
under a single-cantilever mode. The heating rate and frequency were 3oC/min and 1 Hz, 
respectively.  
RESULTS AND DISCUSSION 
Exfoliation of MMT layers 
Fig. 1 shows the TEM images taken from a cross-section perpendicular to the flow direction 
of the extruded rods of the nylon 66/organic MMT nanocomposites. The dark lines represent 
the intersection of MMT layers and the white background represents nylon 66 matrix. It is 
seen that most of the MMT layers were well exfoliated into individual layers or some thin 
stacks containing a few layers. The thickness of the MMT platelets is about a few nanometers, 
while the average length is about 90 nm. Besides, just intersections of MMT layers were 
observed in the TEM graphs, which was caused by the highly orientation of MMT layers 
along the flow direction due to high aspect ratio of MMT layers. The preferential orientation 
of MMT layers in nylon films and injection molded bars was observed [27-29, 33-35]. 
 
Dynamic mechanical analysis 
Fig. 2 shows the storage modulus and dynamic loss as a function of temperature for the nylon 
66/organic MMT nanocomposites. Apparently, the organic MMT increased storage modulus 
of nylon 66 throughout the temperature range. This increase is accordance with the variation 
of Young’s modulus obtained from tensile test, where the Young’s modulus at ambient 
temperature also gradually increased with the organic MMT loading level. The modulus 
improvement should be due to the stiffness of MMT layers as well as the constraining effect 
by the exfoliated MMT layers on molecular motion of nylon 66 chains. Usuki et al. [3] 
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studied the constraint effect of nylon 6 chains with exfoliated MMT layers. Specially, the 
constrained volume in nylon 6 nanocomposite with 5 wt% organic MMT was over 30%, 
which was responsible for the remarkable enhancement of mechanical properties [3].     
Due to the reinforcement of the exfoliated MMT layers, the glass transition 
temperature was slightly increased, compared to that of nylon 66. This was not consistent 
with the results on nylon 6/organic MMT nanocomposites [36], in which the glass transition 
temperature of nylon 6 was shifted toward lower temperature by about 10oC. The decrease of 
the glass transition temperature was mainly caused by the two reasons. Firstly, the content of 
alkyl ammonium surfactant in the organic MMT used in their work was too high, about 46%. 
Part of the surfactant was not intercalated into the galleries of MMT and was just adsorbed 
outside of the galleries and served as a plasticizer during compounding of the organic MMT 
with nylon 6 melt. Secondly, the alkyl ammonium surfactant in the organic MMT, not having 
good affinity with polar nylon 6, created a hydrophobic environment at MMT surface and 
shielded the thermodynamic interaction between nylon 6 and MMT. Tanaka and Goetter [37] 
reported by molecular modelling that the pristine MMT had highest binding strength to nylon 
66. Organic modification of MMT with alkyl ammonium surfactant reduced its binding 
energy with nylon 66 due to the shielding effect of the surfactant. The importance of the polar 
interaction between polymer and MMT was extensively stressed even in preparation of non-
polar polymer system such as polypropylene with organic MMT, in which a maleic anhydride 
grafted propylene oligomer was incorporated as a compatibilizer [8, 38-39]. In the current 
work, as the organic surfactant content in the organic MMT was just 14 wt%, much lower 
than 35-46 wt% of some commercial organic MMTs, both the plasticizing and shielding 
effects were less serious, therefore, the nylon 66 had an opportunity to interact with polar sites 
on the MMT layers, which was believed to benefit Tg increase of the nylon 66/MMT 
nanocomposites. It should be pointed out that, although the organic surfactant shielded 
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favourable polar interaction between nylon 66 and MMT, it does not mean it is not necessary 
to pre-modify MMT. Generally there are two purposes of organically modification of MMT 
before melt compounding. The first is to weaken the polar interaction between adjacent MMT 
layers and enlarge distances between MMT layers, which is a prerequisite for polymer 
macromolecules to intercalate into the MMT galleries. The second is to enhance 
affinity/compatibility between polymer and MMT, which provides a driving force for 
polymers to migrate into the MMT galleries. Up to now, most popular surfactants used to 
organically modify MMT were alkyl ammonium cations, which may not be the best to some 
high temperature polar engineering plastics [29, 40-41]. Exploring novel surfactants has 
already been initiated [42].  
The area and magnitude of the alpha loss tangent peak is a reflection of polymer chain 
motion of amorphous phase. The largely reduced magnitude and area of the peak was mainly 
caused by the constrained nylon 66 with the exfoliated MMT and the reduction of volume 
fraction of nylon 66 in the nanocomposites. Besides, the change of crystallite dimension of 
nylon 66 also affected the loss peak. As confirmed by polarized light microscopy [30], the 
crystallite dimension of nylon 66 was greatly reduced by the organic MMT. At a fixed 
volume fraction, smaller crystallites produced more interfacial area, and thus constrained 
polymer chains movements within amorphous phase more thoroughly than lager crystallites. 
More restraint of tie chains between crystallites would facilitate the decrease of magnitude of 
the alpha loss tangent peak and the increase of Tg.    
Additionally, it was also seen from Fig. 2(b), when the temperature was above the 
glass transition temperatures of nylon 6 nanocomposites, the magnitude of dynamic loss 
increased with the organic MMT contents. At this range of temperature, the amorphous phase 
of nylon 66 was in rubbery state, its molecular relaxation was enhanced due to the plasticizing 
 9
effect of surfactant on MMT surface. Such phenomenon was also observed in other polymer/ 
organic MMT nanocomposites [36, 43].    
 
Mechanical properties 
The reinforcing effect of the organic MMT on nylon 66 was evaluated by tensile properties. 
Fig. 3 shows the yield strength and Young’s modulus of the nylon 66 nanocomposites as a 
function of organic MMT content. Both the Young’s modulus and yield strength of nylon 66 
are dramatically improved with increasing the organic MMT loading. At the organic MMT 
content of 10 wt%, The Young’s modulus was doubled and the yield strength increased by 20 
wt%. This represents a substantial improvement. Fig. 4 shows the variation of elongation at 
the break as a function of the organic MMT content. As expected, there was a large drop of 
the elongation at break with the increase of organic MMT content. This result was a little 
different from that in nylon 6/organic MMT system, where the elongation at break remained 
at the levels of pristine nylon 6 up to adding 5 wt% of the organoclay and then sharply 
decreased thereafter [24].  
As mentioned before, the critical stress intensity factor, KIC was calculated from the 
failure load in the three-point bend testing. The variation of KIC with the MMT loading was 
shown in Fig. 5. There was a large scatter of the data, especially for the samples at high 
organic MMT loading (10 wt%). Conventionally, the lower bound toughness was employed 
for conservative safety assessment of engineering materials and structures. It was showed a 
slight decrease of the lower bound fracture toughness with the increase the organic MMT 
amount. Fig. 6 shows the SEM micrographs of fracture surfaces of the three-point bend 
specimens. The notch was at the top of each image and the crack propagation direction was 
downwards. At low MMT content (< 5 wt%), the fracture surface exhibited many river marks 
and ductile matrix tearing, which were indicative of the occurrence of plastic shear 
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deformation [Fig. 6 (a) - (c)]. In contrast, the fracture surface of the specimen with 10 wt% of 
the organic MMT became smooth and brittle like, indicating little plastic deformation 
associated with the fracture initiation [Fig. 6(d)]. This was consistent with the variation of 
fracture toughness with the organic MMT loading. Although only a few precent of organic 
MMT gave a marked reinforcement to nylon 66, its negative effect on ductility and toughness 
should also be concerned. To get a reinforced and toughened nylon/clay nanocomposite, a 
nylon/organic MMT/maleated elastomer ternary system is being under investigation.   
  
CONCLUSIONS 
Although the organic MMT contained just about 14 wt% of ammonium surfactant, the MMT 
layers were well exfoliated in nylon 66 matrix, as confirmed by TEM observation. Dynamic 
mechanical analysis confirmed the constraint effect of exfoliated MMT layers on nylon 66 
chains, which benefited the increased storage modulus, increased glass transition temperature 
and reduced magnitude of alpha relaxation peak. The addition of the organic MMT clearly 
increased Young’s modulus and tensile strength at expenses of reduction of ductility and 
fracture toughness of nylon 66.  
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Figure captions: 
 
 
Figure 1. TEM images of nylon 66 nanocomposites with (a) 5 wt % and (b) 10 wt% of 
organic MMT.  
 
Figure 2. Plots of storage modulus (a) and dynamic loss (b) as a function of temperature for 
nylon 66/organic MMT nanocomposites. 
 
Figure 3. Plots of Young’s modulus and tensile strength of nylon 66 nanocomposites as a 
function of organic MMT content.  
 
Figure 4. Plot of elongation at break of nylon 66 nanocomposites as a function of organic 
MMT content.  
 
Figure 5. Plot of fracture toughness of nylon 66 nanocomposites as a function of organic 
MMT content. 
  
Figure 6. SEM photographs of three-point bending fractured surfaces of nylon 66 
nanocomposites with (a) 0 wt%, (b) 2 wt%, (c) 5 wt%, and (d) 10 wt% of organic MMT. The 
notch is at the top of each image and the crack propagation direction is downwards. 
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Fig. 1(b)
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Fig. 6(a) 
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Fig. 6(b) 
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Fig. 6(c) 
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Fig. 6(d) 
 
 
 
 
 
